
UNCLASSIFIED
SECUHITY CLASSIFICATION OF THIS PAGE (When, dot. E&Wm 7

REPORT DOCUMENTATIONF ORE COMPLETING FORM
I. REPORT NUMBER G3. 0IENT'S CATALOG NUMBER

137 47-L 

cMehnn~ of ýToxin Production of Food Balcter a v...na.Ja~8 s
__________ mum)76- an1W

(Closridiu PER FORMING ORG. P0RT NUMBER

17. A a. CONTRACT OR GRANT NUMBER(e)
Dr . elvin W. ok iud None
Mr. Frank T./Poysk
Mr.* Mark E./Pete~r (on

C -9. PERFORMING ORGANIZATION NAME AND ADDRESSA0 RGm.EMN.aCTTS
Dr. Melvin W. Eklund, Utilization Research Division'1L ý1611 22 _BH5 Scientific
Northwest and Alaska Fisheries Center, NMFS ro em ith iiayApi
2725 Montlake Blvd. E., Seattle, WA 98112 ation Task iar No.02Biloic-

I'l CONTROLLING OFFICE NAME AND ADDRESS aI alSine

U. S. Army Research Office ,2JLI1a
Post Office Box 12211 13. NUMBER OF

Research Triangle Park, NC 27709 18
14. MONITORING AGENCY NAME & ADORESS(if different from. Ctrolling Offi ce) 15. SECURITY CLASS. (of thi's report)

I Unclassified

IS.. DECL ASSI FIC ATION1 DOWN GRADIN G

16. DISTRIBUTION STATEMENT (of thuis Report)

-.Approved for public release; distribution unlimited. D I
gELECTE

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, Ii different from Report) MAY 2 0 1980

NA

10. SUPPLEMENTARY NOTES
The view, opinions, and/or findings contained in this report are those the
author(s) and should not be construed as an official Department of the Army
position, policy, or decision, unless so designated by other documentation.

is. KEY WORDS (Continue on rev.ere side if necessay and IdentitY DY ogoce nunOer)
Bacteriophages, toxigenicity, Clostridium botulinum, Clostridium novyi, plasmids

20L All1kRAcrcatiu smoevere side II neeeeeey and Ident~if by block rnumber)
.-7The purpose of these-studies was to determine the mechanisms governing the

toxigenicity of food bacteria such as 'Clostridium botulinum. and closely related
> organisms. Results from these studies show that C. botulinum types C and D cease
S to produce their dominant toxins when -they are cured o'ftheir prophages.'. These
i nontoxigenic derivatives then become sensitive to bacteriophages of other. culture
C.) which induce the production of different toxins. One cured-strain of type C was

shown to be sensitive to bacteriophages from C. botulinum typ&ý C and D and
Li C navy!, type A. These bacteriophages induceid the production of toxin of C. -,

SDD) 143 coSTioNor v ov GsIS ODSOLETE UNCLASSIFIED



0.ABSTRitCr conLinued

1 otulinum type C or D or the alpha toxin of C. novyi, respectively. This same cured

type C strain could simultaneously carry bacteriophages of type C and C. noyi type A

or type D and C. novyi type A which simultaneously induced the production of both

C. novyi alpha and botulinum toxins. When type C and D cultures were cured of their
prophages, then minor toxins previously masked by the dominant toxins could be

detected. As a result, types C and D can each be subdivided into eight subtypes

based upon the different toxin combinations. Only two subtypes of type C and one

subtype of type D were previously recognized.

C. botulinum type A and F strains have been cured of their prophages but they

continue to produce toxin. Certain strains of nonproteolytic type B have ceased to

produce toxin when they are cultured in medium containing acridine orange, but these

strains are not sensitive to bacteriophages. Plasmids have been detected in these

strains of types A, F, and B but the role these plasmids play is not known.

OTIS GcA&I
DDC TAB
Jtstiflcation-..

By__
Distribution/

Availability Codes
Avail and/or

Dist. special



J
MECHANISMS OF TOXIN PRODUCTION OF FOOD BACTERIA

(CLOSTRIDIUM BOTULINUM)

FINAL SUMMARY

DR. MELVIN W1. EKLUND, FRANK POYSKY, MARK PETERSON

0I

MARCH 25, 1980

'I.S. ARMY RESEARCH OFFICE

CONTRACT NUMBER 13747-L

NORTHWEST AND ALASKA FISHERIES CENTER
L NATIONAL MARIE FINIERIES SERVICE

UTILIZATION RESEARCH DIVISION
2725 MONTLAKE BOULEVARD EAST

SEATTLE, WASHINGTON 98112

DTIC
ELECTE

MAY 20 1980

0

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED

S~80 516



THE VIEW, OPINIONS, AND/OR FINDINGS CONTAINED IN THIS REPORT
ARE THOSE OF THE AUTHOR(S) AND SHOULD NOT BE CONSIDERED AS AN OFFICIAL

DEPARTMENT OF THE ARMTY POSITION, POLICY, OR DECISION, UNLESS SO
DESICNATED BY OTHER DOCUMENTATION.

V J



TABLE OF CONTENTS

Page

INTRODUCTION 1

SUMMARY OF RESULTS 2

-Mechanisms governing toxigenicty of C. botulinum
types C and D and closely related C. novyi 3

-Mechanisms governing toxigenicity of proteolytic
types A, AF, B, F, and C. sporogenes 8

-Mechanisms governing toxigenicity of nonproteolytic
types B, E, and F 10

BIBLIOGRAPHY 13

APPENDIX 15

Abstract of Papers in Preparation 16

List of Publications in Preparation 18

tI



LIST OF APPENDICES
Page

RECENT PUBLICATION ON BACTERIOPHAGES AND TOXIGENICITY OF C.
BOTULINUM TYPES C AND D AND C. NOVYI TYPES A AND B AND
ABSTRACTS OF PAPERS THAT ARE CURRENTLY BEING WRITTEN 15

Abstracts of Papers in Preparation 16

List of Publications in Preparation 18



INTRODUCTION

Clostridium botulinum is a pathogenic anaerobe that is characterized by

its ability to produce powerful neurotoxins. Botulism is generally regarded

as a foodborne intoxication resulting from the ingestion of a food containing

a specific preformed toxin produced by one of the several known types of C.

botulinum. Because of the lethal effect of the neurotoxin, growth and toxin

production by C. botulinum in different food products have been of worldwide

concern to food processors and consumers for many years.

In addition to foodborne botulism, wound and infant botulism occur in

man. In wound and infant botulism, the neurotoxin is produced in vivo by the

growth of C. botulinum in infected tissues and in the intestinal tract, respec-

tively (1,8). Infant botulism was only recognized as a distinct clinical

entity in 1976 (1) and has become the most important source of human botulism

in the U.S.A.

Botulism also occurs in both domestic and wild animals in many different

areas of the world. In cases of avian botulism, thousands of wild ducks and

broiler chickens can be involved (2) resulting in serious financial losses

and animal mortalities.

The quality and safety of food products are major factors in our environ-

ment that affect the health of our people. A natural phenomenon occurs which

controls the ability of C. botulinum to produce toxins. In nature, C. botu-

linum frequently loses its ability to produce toxin as exemplified by the

frequent occurrence of nontoxigenic organisms in certain locations. In labora-

tory culture, some strains also spontaneously lose their ability to produce

toxin. There is therefore a need to understand the mechanisms that govern

the toxigenicity of C. botulinum bearing in mind that an understanding of
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these factors could give us an insight to procedures for controlling toxin

production by C. botulinum. This understanding is of immediate importance

to the food industry because the use of sodium nitrite as a food preservative

has become a matter of considerable concern. Its presence in foods has been

implicated in the formation of nitrosamine compounds (9), several of which

have been shown to be potent carcinogens in animals (6). The status of the

continued use of nitrite is therefore quite uncertain. The primary reason for

retaining the use of nitrite has been its proven effectiveness as an inhibitor

of C. botulinum. This knowledge about the mechanisms governing the toxige-

nicity of C. botulinum could also be valuable in developing methodology for

differentiating toxic and nontoxic cultures and determining whether or not

nontoxic cultures have the potential of producing toxin. This is especially

true in cases of infant and wound botulism in which C. sporogenes is frequently

found with the toxic C. botulinum cultures.

SUM4ARY OF RESULTS

Clostridium botulinum is a heterogeneous group of strains that is divided

into types A through G based upon the antigenic specificity of the neurotoxins

that are produced. The strains of these types can be separated into the fol-

lowing four groups according to their deoxyribonucleic acid homologies and bio-

chemical, physiological, and serological characteristics (4,5,7,10,11,12,13,14).

Group 1. Proteolytic types A, AF, B, and F

Group 2. Nonproteolytic types B, E, and F

Group 3. Nonproteolytic types C and D

Group 4. Type G

This close relationship between members within a group suggests that the

mechanisms governing toxigenicity of one type may apply to all types within

2



the group. Many different strains of each type within a group therefore have

been studied to determine the mechanisms governing this toxigenicity and inter-

relationships of the different types.

Mechanisms governing toxigenicity of C. botulinum types C and D and closely

related C. novyi

The ability to cure type C and D strains of their prophages which govern

production of the dominant C1 and D toxins has enabled us to study the other

minor toxins produced by these cultures. It has also enabled us to determine

the interrelationship of types C and D and other closely related clostridia.

Our studies have shown that type C and D strains ceased to produce the domi-

nant C1 and D toxins when they were cured of their tox+ bacteriophages. The

majority of the type C and some type D strains, however, continued to produce

C 2 toxin. This was the first timne that type D strains were recognized as C2

toxin producers.

The nechanism governing the production of the trypsin-activated toxin

designated as C2 is not known. Rezently two derivatives of type C strain 164

were isolated that had ceased to produce Cl, D, and C2 toxins. These nontoxi-

genic derivatives were re-infected with tox+ phages and were induced to pro-

duce the Cl and D toxin but not the C2 toxin. This is the first isolation of

a toxC2  derivative from a toxC, + culture.

When certain cultures of types C and D were cured of their prophages,

they concomitantly ceased to produce the dominant C1 and D toxins and became

indistinguishable with respect to toxins produced. This suggested that types

C and D may arise from the same bacterial strain. Subsequent studies, in

fact, have shown that an interconversion of C. botulinum types C and D will

occur if a bacteriophage from one is substituted for a bacteriophage of the
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other type (3). Phages from type C will induce the production of the domi-

nant Cl and minor D toxins, and phages from type D will induce the production

of the dominant D and minor C1 toxins.

When C. botulinum type C strain 162 was cured of its prophage, it simul-

taneously ceased to produce Cl and D toxins and became sensitive to phages

from C. botulinum types C (phage 3CtOx+) and D (phage IDtOx+) or to phages of

C. novyl type A (phage NAltOx+). -hen this c!:ultre (11S37) was infected with

these phages, it produced dominant C1, minor D; or dominant D, minor C1 ; or

alpha toxin of C. novyi, respectively. Neither strain 162 nor its derivatives

produced the C2 toxin, but they did produce the gamma toxin of C. novyi A.

When strain HS37 was infected with phage NAltox+, it became immune to the

infectio- by the homologous phage, but continued to be sensitive to phages 3C

and ID (Table 1). Strain HS37 therefore could sinultaneoubly carry phages

Table 1. Sensitivity of a derivative of Clostridium botulinurm type C to
different bacteriophages

Sensitivity to phages
Indicator organism NAI 1D 3C

HS37 + + +

HS37 (NAl) - + +

HS37 (ID) + -

"'S 37 (3C) + - -

NAi and ID or phages NAI and 3C. By substitution of the phages, strain HS37

was induced to produce the following toxins (Table 2). (Toxins are listed

according to titer produced; Cl and D toxins are C. botulinum type C and D

toxins and gamma and alpha toxins are C. novyi toxins.) (i) HS37 produced

gamma toxins; (2) HS37(3C) produced C1 , D, and gamma toxins; (3) HS37(ID)

produced D, C1 , and gamma toxins; (4) [iS37(3C,NAI) produced C1 , alpha, gamma,
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and 1) toxins; (5) Hb37(lD,NAI) produced alpha, D, gamma, and C1 toxins; and

(6) HS37(NAl) produced alpha and gamma toxins. The toxigenicity and type of

toxin produced by these cultures depended upon the continued presence of

specific bacteriophages.

Table 2. Different toxins produced by a derivative of Clostridium
botulinum type C infected with different phages

Lethal toxins produceda
Culture C1  D Gamma Alpha

HS37 - - +

HS37 (3c) +b + +

HS37 (NAI) - - + -

HS37 (NAI,3C) +b + + +

HS37 (NAl,lD) + +b + +

IIS37 (ID) + +b +

a C1 and D are C. botulinum types C and D toxins.
Gamma and alpha are C. novyi type A toxins.

b Dominant toxin produced by the bacterial strain.

The titers of the toxins produced by strains HS37 infected with phages

NAI and 3C or NAI and 1D are summarized in Tables 3 and 4. When HS37 was

Table 3. Toxins pzoduced by strain HS37 (NAl,3C)
Alpha C. novyi toxin Botulinum type C toxin

100 MLD/ml 20,000 MIhD/ml

infected with phages NAI and 3C, the C1 toxin was dominant; but when HS37 was

infected with NAl and ID phages, the alpha toxin of C. novyi was dominant.

1lhen C. botulinum type C and D zultures are cured of their bacteriophages,

they simultaneously cease to produce the dominant C1 and D toxi.,s. These
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Table 4. Toxins produced by strain HS37 (NAI,ID)

Toxin treatment Alpha C. novyi toxin Botulinum type D toxir

Untrypsinized 2,000 MLD/ml 10 MLD/ml

Trypsinized ------------- 500 MLD/ml

bacteriophage-sensitive strains continue to produce other minor toxins which

were previously masked by the dominance of the C1 and D toxins. These strains

have also become sensitive to bacteriophages of other bacterial strains which

induce the production of additional toxins. Based upon the production of dif-

ferent toxins and toxin combinations, 8 subtypes of C. botulinum type C and

eight subtypes of type D are now recognizable (Tables 5 and 6). Types C and

D share 3 of these subtypes. Prior to these studies, only type D and 2 sub-

types of type C were recognized.

Table 5. Toxins produced by Clostridium botulinum type D and
nontoxigenic strains infected with different bacteriophages

Lethal toxins produceda
Culture Db C2  C1  Gamma !Jpha

1873 + + +

A113 - + -

South African + - +

A020 ....

HBS37 (ID) + - + +

IIS37c - - _ +

HS37 (NAI,ID) + - + + +

HS37 (NAI)c - - - + +

a D, C 2 , and C1 are C. botulinuu type C and D toxins.
Aipha and gamma are C. novyi type A toxins.

b Dominant toxin produced by C. botulinum type D strains.
c Cured of phage 1D.
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Table 6. Toxins produced by Clostridium botulinum type C and

nontoxigenic derivatives infected with different bacteriophages

Lethal toxins produceda

Culture C1 b C 2  D Gamma Alpha

468C + + + -

A028 - + - -

162 + - + +

HS37 (NAI,3C) + - + + +

HS37 (NAI) - - - + +

HS37c - - +

165 + - + -

164NT ....

a C1, C2; and D are C. botulinum type C and D toxins.
Alpha and gamma are C. novyl type A toxins.

b Dominant toxin produced by C. botulinum type C strains.
c Cured of phage 3C.

The observation that phages from C. novyi type A could induce the pro-

duction of C. novyi alpha toxin by a nontoxigenic derivative from C. botulinum

type C suggested that the phages of C. novyi probably also govern toxigenicity

of the C. novyi types. Subsequent studies at this laboratory confirmed the

fact that the production of alpha toxin in C. novyi types A and B (types A and

B are only C. novyi types producing alpha toxin) depended upon the constant

pacticipation of specific phages.

C. novyi is divided into 4 types designated as A to D. Type D closely

resembles type B in respect to its toxin (beta, eta, theta), but it fails to

prouuce alpha toxin. In a recent study, the phages from C. novyi type A

were shown to infect type D strains, but the effect on alpha toxin production

is not known.

7



Types C and D and C. novyi differ considerably from the other types

of C. botulinun in the phage and host relationship. With these types C

and D and the tox+ bacteriophage/ bacterial relationship is pseudolysogenic,

whereas the phages of the other C. botulinum types indicate that this

relationship is true lysogeny.

Mechani-ms Governing Toxigenicity of Proteolytic types A, AF, B, and F and

C. sporogenes

C. botulinum type A strain Boroff A has been cured of 4 different

phages by treatment with mitomycin C-acridine orange or mitomycin-acrifla-

vine. Additional phages cannot be induced and the bacteriophage-sensitive

strain continues to produce toxin. Since type C and D strains produce more

than one toxin and the bacteriophages only govern the production of dominant

CI and D toxins, the possibility exists that more than one toxin might be

produced by other types of C. botulinum. Antisera therefore was produced

against the toxin(s) of the type A strain when it was cured of two phages.

The antiserum, however, neutralized the undiluted toxin of the parent cul-

ture indicating that the same toxin(s) were produced by both the parent cul-

ture and the derivative strain which were cured of two phages. Research on

the effect of antiserum against the toxin of the strain cured of 4 phages

is planned.

We have purified each of these phages and currently have a host strain

carrying each of the four phages. These phages will be used in later stud-

ies to determine the relationship of phages of proteolytic types A, B, AF,

F, and C. sporogenes. They will also be used in later experiments to test

the sensitivity of cured strains of C. sporogenes.

8
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A strain of type A cured of 4 different phages has been tested for sen-

sitivity to phages of other type A strains and also to phages of type B, F,

and C. sporogenes. The cured strain of type A was sensitive to phages of

two different type A strains and one strain of type B, but was not sensitive

to phages of type F and C. sporogenes.

The type A culture infected with these different phages was tested to

determine the eftect of the phages on toxin production. None of these

phages affected the toxicity or type of toxin produced.

A strain of proteolytic type F (Langeland strain) cured of two phages

has also been tested for its sensitivity to other phages. This strain appears

to be sensitive to phages from four different strains of type A but not to

type B or C. sporogenes. We do not know if these phages have any effect on

the type of toxin produced. These results are, however, interesting because

they show the close relationship of A, B, and F cultures and also because

there is one strain of type A (isolated from Argentina) that produces small

amounts of type F toxin. This culture is designated type Af.

Lytic procedures have been developed for Clostridium botulinum types A,

F, and C. sporogenes. Plasmids have been detected in all of the 5 strains

of type A and one strain of proteolytic type F examined. A plasmid of sim-

ilar size was also found in one of the five A-like cultures (resembling type

A except for absence of toxigenicity), and in one of the nine C. sporogenes

strains examined. The function of these plasmids will be studied in future

experiments.

C. sporogenes and A-like organisms which resemble C. botulinum types A,

B, and F except for the absence of the toxigenic characteristics have been

tested for sensitivity to phages of 18 strains of type A, 14 strains of
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type B, 3 strains of type F, and I strain of type AF. None of these strains

were sensitive to the phages of C. botulinum. It is entirely possible that

some of the C. sporogenes strains may be carrying phages antigenically

related to the C. botulinum phages and are therefore immune to infection.

Bacterial mutants defective in the production of protein toxins are

very difficult to isolate, primarily because toxin production usually con-

fers no known selective advantage for bacterial grovith. Screening of cul-

tures for toxigenic and nontoxigenic isolates could be greatly facilitated

by assay methods performed directly on colonies grown in agar. High titer

antisera prepared from purified toxin was recently obtained from Japan.

This antisera was used to determine whether a precipitin reaction can be

used to differentiate the toxigenic and nontoxigenic strains. Both toxi-

genic and nontoxigenic strains gave similar precipitin reactions. We

therefore were unable to use the procedur, for the isolation of nontoxigenic

strains.

Mechanisms Governing Toxigenicity of Nonproteolytic Types B, E, and F

In order to determine the relationship of bacteriophage and toxicity,

nonproteolytic strains of Clostridium botulinum types B, E, and F have been

cultured in media containing mitomycin C and acridine orange and treated with

ultraviolet light to cure the bacteria of their prophages. One strain of

type B has been cured of one prophage but continues to carry a second

prophage and to produce toxin. Another strain of nonproteolytic type B

continues to carry its prophage after treatment with acridine orange, but

produces toxin which requires treatment with trypsin before toxicity can

be detected.

10
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Nontoxigenic derivatives have been isolated from several other strains

of type B, but these derivatives are not sensitive to the phages of the

toxigenic parent culture. Numerous unsuccessful attempts have been made to

convert these nontoxigenic derivatives to the toxigenic state. Our past

experience with this group of microorganisms and the high frequency of

isolating nontoxigenic derivatives from these two different toxigenic type

9 strains has suggested that plasmids or unidentified phages could be

governing toxigenicity. These nontoxigenic derivatives have been induced

to lyse with mitomycin C and tailless phage heads have been observed in

electron micrographs. Phages have also been isolated from marine sediments

that contain nonproteolytic type B spores; but none of the six different

phages isolated would induce toxigenicity.

Nontoxigenic derivatives have also been isolated from a strain of type

E. This isolate is not phage-sensitive and electron micrographs show that

both the toxigenic and nontoxigenic strains carry the same phage.

The nontoxigenic derivatives and toxigenic parent cultures of both

types B and E have been lysed to determine whether they harbor covalently

closed circular DNA and whether there is a correlation between the presence

of these plasmids and toxigenicity. Plasmids were observed in both the

toxigenic and nontoxigenic strains. Several additional lytic and plasmid

isolation procedures had to be used, however, to demonstrate plasmids in

the lysates of the nontoxigenic strains.

In order to verify their nontoxigenicity, the type B strains were

cultured in dialysis tubing bathed in broth, a system which increases the

concentration of the toxin produced. Supernatant fluids from these cultures

were tested for toxicity before and after being concentrated further by

II



dialysis against polyethylene glycol. Low titers, 5 to 20 MLD of toxin,

were in several of these cultures after concentration by polyethylene

glycol. These toxins, however, are different from the dominant toxins of

types B and E and are not neutralized by type B or E antiserum. Furthermore,

these toxins produce different symptoms in mice than the dominant toxins.

It therefore appears that this may be a minor toxin not previously recognized

and may be a similar phenomenon as observed in type C and D cultures.

12
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ABSTRACTS OF PAPERS IN PREPARATION

Production of Different Toxins by Clostridium botulinum Types C and D

Cultures and Their Nontoxigenic Derivatives Infected with Specific

Bacteriophages

When C. botulinum type C and D cultures are cured of their bacterio-

phages, they simultaneously cease to produce the dominant C1 and D toxins.

These bacteriophage-sensitive strains continue to produce other minor toxins

which were previously masked by the dominance of the C1 and D toxins. These

strains have also become sensitive to bacteriophages of other bacterial

strains which induce the production of additional toxins. Based upon the

production of different toxins and toxin combinations, eight subtypes of C.

botulinum type C and eight subtypes of type D are now recognizable. Types

C and D share three of these subtypes. Prior to these studies, only type D

and two subtypes of type C were reported.

Production of Different Toxins by a Derivative of Clostridium botulinum Type

C Infected with Different Bacteriophages

A derivative of Clostridium botulinum type C strain 162, designated as

HS37, simultaneously ceased to produce C1 and D toxins when it became sensi-

tive to the parent bacteriophage. Strain HS37, however, continued to produce

the gamma toxin which was neutralized by Clostridium novyi type A antiserum.

Strain HS37 was sensitive to phages 3Ctox+ from C. botulinum type C, to

phage lDtox+ from C. botulinum type D, and phage NAltox+ from C. novyi type

A. When strain HS37 was infected with phage NAltox+, it became immune to

the infection by the homologous phage, but continued to be sensitive to
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phages 3C and ID. Strain HS37 therefore could simultaneously carry phages

NAI and ID or phages NAl and 3C. By substitution of the phages, strain HS37

was induced to produce the following toxins. (Toxins are listed according

to titer produced; C1 and D toxins are C. botulinum type C and D toxins and

gamma and alpha toxins are C. novyi toxins.) (1) HS37 produced gamma toxins;

(2) HS37(3C) produced Cl, D, and gamma toxins; (3) HS37(ID) produced D, Cl,

and gamma toxins; (4) US37(3C,NAI) produced CI, alpha, gamma, and D toxins;

(5) H1S37(lD,NA1) produced alpha, D, gamma, and C1 toxins; and (6) I1S37(NAI)

produced alpha and gamma toxins. The toxigenicity and type of toxin produced

by these cultures depended upon the continued presence of specific bacterio-

phages.
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